The conventional geochemical view holds that the chitin and structural protein are not preserved in ancient fossils because they are readily degradable through microbial chitinolysis and proteolysis. Here we show a molecular signature of a relict chitin-protein complex preserved in a Pennsylvanian (310 Ma) scorpion cuticle and a Silurian (417 Ma) eurypterid cuticle via analysis with carbon, nitrogen, and oxygen X-ray absorption near edge structure (XANES) spectromicroscopy. High-resolution X-ray microscopy reveals the complex laminar variation in major biomolecule concentration across modern cuticle; XANES spectra highlight the presence of the characteristic functional groups of the chitin-protein complex. Modifi cation of this complex is evident via changes in organic functional groups. Both fossil cuticles contain considerable aliphatic carbon relative to modern cuticle. However, the concentration of vestigial chitin-protein complex is high, 59% and 53% in the fossil scorpion and eurypterid, respectively. Preservation of a high-nitrogen-content chitin-protein residue in organic arthropod cuticle likely depends on condensation of cuticle-derived fatty acids onto a structurally modifi ed chitin-protein molecular scaffold, thus preserving the remnant chitin-protein complex and cuticle from degradation by microorganisms.
INTRODUCTION
The preservation of nonbiomineralized arthropods (Briggs, 1999 ) relies on the recalcitrance of the organic cuticular exoskeleton. The parts of the cuticle most likely to be preserved are the exocuticle, a composite of chitin fi bers embedded in a protein matrix, and the outer epicuticle, a waxy layer that protects terrestrial arthropods from water uptake and desiccation (Hadley, 1986) . The current annual production of chitin is enormous, but is balanced by the degradation of chitin by chitinolytic microorganisms (e.g., Poulicek et al., 1985; Poulicek and Jeuniaux, 1991; Gooday, 1990) .
Notwithstanding the effi ciency of chitinolytic and proteolytic enzymes, the organic fossil record of arthropods, represented by preservation of arthropod cuticle, extends through the Paleozoic. Precisely how arthropod cuticle was preserved deep in geological time has long interested paleontologists and organic geochemists (e.g., Briggs 1999). Pyrolysis-gas chromatography−mass spectrometry (py-GC-MS) has been used as the principal analytical and/or forensic tool in the search for evidence of chitin in ancient fossils because it provides molecular characterization of samples limited to a few micrograms (Stankiewicz et al., 1997a (Stankiewicz et al., , 1997b Gupta et al., 2007b) . Using py-GC-MS, molecular evidence for chitin was detected in insect cuticle in terrestrial deposits of Pleistocene and Tertiary age (Stankiewicz et al., 1997a (Stankiewicz et al., , 1997b (Stankiewicz et al., , 1998b Gupta et al., 2007a) . However, py-GC-MS analysis of Mesozoic and Paleozoic arthropods, e.g., fossil shrimp, eurypterids, and scorpions, has failed to reveal any evidence of chitin (Baas et al., 1995; Stankiewicz et al., 1998a Stankiewicz et al., , 1998b . Rather, the pyrolysate derived from Mesozoic and Paleozoic arthropod fossil cuticle is dominated by straight chain C 9 -C 22 −saturated hydrocarbons, along with lesser amounts of alkyl phenols and alkyl benzenes interpreted to be derived from a largely aliphatic geopolymer (Baas et al., 1995; Stankiewicz et al., 1997b Stankiewicz et al., , 1998b Gupta et al., 2007b Gupta et al., , 2009 ). These observations led to the conclusion that chitin is absent in older fossil cuticle (Baas et al., 1995) and that such cuticles constitute an aliphatic geopolymer formed via random polymerization of free fatty acids (Stankiewicz et al., 2000; Gupta et al., 2009 ).
Here we analyze fossil cuticle by employing functional group-sensitive imaging, and submicron spatial resolution XANES (X-ray absorption near edge structure) spectroscopy, using a synchrotron-based scanning transmission X-ray microscope (STXM) (Kilcoyne et al., 2003) . Specifi cally, we use carbon, nitrogen, and oxygen XANES spectroscopy that allows individual organic functional groups to be detected via characteristic absorption bands. STXM and XANES spectroscopy has been applied to an array of problems involving fi ne-scale organic heterogeneity in fi elds such as environmental chemistry (Myneni, 2002) , molecular paleobotany (Boyce et al., 2002) , organic geochemistry (Cody et al., 1996) , and cosmochemistry (Cody et al., 2008) . In the present case, STXM allows us to detect vestiges of the chitin-protein composite in Paleozoic arthropod cuticle.
METHODS
The eurypterid we used (Eurypterus dekayi YPM 209619, Yale Peabody Museum) was collected from a dolomite (the Williamsville Formation) from a Silurian horizon (ca. 417 Ma) exposed at the Ridgemount Quarry, Ontario, Canada (Gupta et al., 2007b) . The burial temperature was 60-80 ºC, based on the conodont alteration index. The fossil scorpion was collected from a recently discovered paleokarst and cave fi ll of Moscovian age (middle Pennsylvanian, ca. 310 Ma) in northern Illinois; the cave is in Ordovician limestone (Plotnick et al., 2009; Scott et al., 2010) . The vitrinite refl ectance of associated vascular plant fossils from within the paleokarst deposit is 0.39% (R max in oil), indicating only modest heating (Scott et al., 2010) . The modern scorpion cuticle used for comparison was that of Heterometrus spinifer. Pure chitin was obtained from CalBiochem (EMD Biosciences, Inc., San Diego, California).
Scanning transmission X-ray microscopy was performed at beam line 5.3.2 at the Advanced Light Source (ALS), Lawrence Berkeley Laboratory (Kilcoyne et al., 2003) . XANES spectra were collected using the multispectral imaging method (Jacobsen et al., 2000) . All samples were embedded in Epofi x (Electron Microscopy Sciences, Hatfi eld, Pennsylvania) histological-grade epoxy and ultramicrotomed to 100-140 nm thick. and Andrew C. Scott
RESULTS

STXM Imaging
One of the benefi ts of STXM analysis is that it generates multiple high-resolution images at different energies that highlight extant or remnant chemical differentiation (e.g., Boyce et al., 2002 ) through image contrast based on localized functional group concentration. High-resolution cross-sectional images of the cuticle of modern and middle Pennsylvanian scorpions highlight the spatial distribution of nitrogen-bearing functional groups (Figs. 1A and 1C) and aliphatic carbon (Figs. 1B and 1D ). The modern scorpion cuticle is 25-30 µm thick and exhibits clearly defi ned laminae that vary signifi cantly in nitrogen (Fig. 1A ) and aliphatic carbon (Fig. 1B) content. The waxy outer epicuticle is relatively depleted in nitrogen and richer in aliphatic carbon. Other regions are rich in both nitrogen and aliphatic carbon, indicating a higher proportion of protein. The Pennsylvanian scorpion's cuticle is extremely thin, ~2 µm, likely indicating that most of the thickness was lost through biodegradation. Notwithstanding this loss of cuticle, residual chemical differentiation is preserved, as revealed by spatial variation in nitrogen concentration (Fig. 1C ) and aliphatic carbon content (Fig. 1D ). The eurypterid cuticle is 5 µm thick and chemically homogeneous; thus the STXM compositional maps are not presented.
C-, N-, AND O-XANES
Carbon, nitrogen, and oxygen XANES spectroscopy (Figs. 2A-2C) reveal the presence and abundance of various organic functional groups via the detection of characteristic absorption features in the near edge X-ray absorption spectrum. In the case of chitin (poly-N-acetyl-D-glucosamine), the C-XANES spectrum is dominated by the glucosyl secondary alcohols that contribute to the considerable absorption intensity at 289.5 eV (5 in Fig. 2A ) (Cody et al., 2009) . The carbonyl associated with the amidyl group on the number 2 carbon of the glucosyl ring contributes prominent intensity at 288.2 eV (Urquhart and Ade, 2002 ) (4 in Fig. 2A ), while the acetyl methyl group contributes weakly to the spectrum at 287.5 eV (3 in Fig. 2A ). The small peak at 285.2 eV (1 in Fig. 2A ) reveals the presence of a small amount of olefi n, likely indicating a minor degree of OH elimination as a result of X-ray induced secondary electron impact during analysis (Cody et al., 2009) .
As expected, the N-XANES spectrum of chitin is dominated by a sharp absorption band at 401.3 eV (7 in Fig. 2B ) corresponding to amidyl N. Small absorption features at 399-400 eV (6 in Fig. 2B ) indicate minor amounts of imine likely formed through modifi cation of the chitin by X-ray induced secondary electrons (Cody et al., 2009 ). In the O 1s-π* region of the O-XANES spectrum, absorption peaks at 532.2 eV (10 in Fig. 2C ), consistent with an amide carbonyl (Gordon et al., 2003) ; there is a weak shoulder at 531.2 eV (9 in Fig. 2C ) that likely indicates other carbonyl species that formed via secondary electron impact.
Whereas C-, N-, and O-XANES provide useful functional group information, absorption well above the ionization edge is due exclusively to atomic absorption and is directly proportional to element abundance. The C-, N-, and O-absorption edge intensity can be normalized to atomic absorption cross-section data to obtain quantitative O/C and N/C data (e. Modern scorpion cuticle is a composite of chitin, proteins, and waxes. Thus the C-XANES spectrum exhibits a very strong amidyl carbonyl peak at 288.2 eV, refl ecting the abundance of protein and chitin (4 in Fig. 2A ). The presence of secondary alcohols associated with chitin is clearly revealed at 289.5 eV (5 in Fig. 2A ). Absorption at 285 eV and 287.5 eV (1 and 3 in Fig. 2A) is derived from the presence of various aromatic and aliphatic amino acids. For the most part the N-XANES spectrum of modern scorpion cuticle is similar to that of chitin (Fig. 2B) , although there is greater intensity in the imine region at 399-400 eV (6 in Fig. 2B ). The oxygen 1s-π* peak (Fig. 2C ) is broader and shifted to slightly lower energy than that of chitin. Fitting the combined C-, N-, and O-XANES edge intensities to absorption cross-section data yields elemental ratios for O/C of 0.33 and N/C of 0.23, C 100 N 23 O 33 (see the Data Repository), a composition consistent with a mixture of chitin and protein. Analysis of the structural protein in insect cuticle reveals a predominance of alanine, valine, proline, tyrosine, and glycine (Højrup et al., 1986) , from which an elemental formula C 100 N 28 O 29 can be derived (see the Data Repository). Using the concentration of nitrogen as a constraint, the composition of the chitin-protein complex is determined to be 33% chitin, 67% protein, a value supported by solid-state 13 C NMR (nuclear magnetic resonance; see the Data Repository).
The C-XANES spectrum of the Pennsylvanian scorpion cuticle ( Fig. 2A) differs markedly from that of the modern, indicating considerable molecular modifi cation. The prominent amide carbonyl 1s-π* resonance intensity evident in the modern cuticle is much less pronounced in the C-XANES spectrum of the fossil scorpion. Similarly, the distinct peak at 289.5 eV in the modern cuticle, corresponding to the glycosyl C-OH (5 in Fig. 2A ), is not prominent in the fossil. A signifi cant increase in aromatic and/or olefi nic and aliphatic functional groups in the fossil scorpion cuticle macromolecule relative to the modern is evidenced by a significant increase in absorption at 285 eV and 287.5 eV (1 and 3 in Fig. 2A) . Absorption in the 286.3-286.6 eV (2 in Fig. 2A ) range reveals the presence of ene-ketone moieties, a signature feature of polysaccharides that have been degraded through extensive dehydration (Cody et al., 2009) .
Evidence of molecular modifi cation of the fossil scorpion cuticle is further revealed in the N-XANES spectra (Fig. 2B) . The prominent amidyl and/or peptidyl peak at 401.3 eV (7 in Fig. 2B ) in N-XANES spectrum of the modern scorpion cuticle has decreased signifi cantly in the fossil scorpion N-XANES spectrum, which is dominated by an intense peak at 403.6 eV (8 in Fig. 2B ). The intense and sharp nature of the absorption band strongly indicates 1s-π* character. The high energy of this N 1s-π* absorption requires direct bonding with a more electronegative neighbor (e.g., oxygen). A likely candidate for the 403.6 eV feature in the fossil scorpion N-XANES spectrum (Fig. 2C) is nitrogen in nitro (R-NO 2 ) groups; previous studies on nitroaromatic compounds reported an intense N 1s-π* transition at 403.6-403.9 eV (Turci et al., 1996; Leinweber et al., 2007) . To the best of our knowledge the only other organic functional group that exhibits such a high-energy N absorption is diacylimide [R-(CO)-NH-(CO)-R], with a strong absorption at 403.5 eV (Lessard et al., 2007) . Note that inorganic nitrate exhibits the N 1s-π* transition at 405.4 eV (Leinweber et al., 2007) . Nitro groups could readily form through the oxidation of primary amine (March, 1992) , derived either from de-acetylation of chitin or the hydrolysis of protein. The formation of abundant diacylimide appears unlikely.
The N-XANES spectrum of the fossil scorpion also exhibits absorption spanning the energy range from 398 eV up to 405 Ev, indicating the presence of other N-bearing functional groups, e.g., imines, amides, pyroles, and amines. Examination of the O 1s-π* transition reveals a peak at 531.2 eV (9 in Fig. 2C ) consistent with the presence of ketone (Urquhart and Ade, 2002) (it is interesting that the oxygen 1s-π* for nitro groups occurs at 530.9 eV; Turci et al., 1996) and a distinct shoulder at 532.2 eV (10 in Fig. 2C ) consistent with amidyl and/or carboxyl carbonyl. Fitting the fossil scorpion C-, N-, and O-XANES ionization edge intensity to absorption cross-section data yields values of O/C = 0.29 and N/C = 0.10, C 100 N 10 O 29 (see the Data Repository).
Analysis of the eurypterid cuticle using C-XANES ( Fig. 2A ) reveals abundant aromatic and/or olefi nic carbon evidenced by the presence of the prominent 1s-π* transition at 285 eV (1 in Fig. 2A) . A signifi cant proportion of the eurypterid cuticle is aliphatic carbon, evident through the prominent C-H absorption at ~287.5 eV (3 in Fig. 2A) . The continuum of intensity in the vicinity of 286.5 eV (2 in Fig. 2A) indicates the presence of ene-ketones with considerable variation in local confi guration, hence the broad intensity. Likewise the continuum in intensity spanning 288 eV up to the ionization edge indicates the likely presence of carboxyl, amide, amine, and alcohol and/or ether moieties.
The N-XANES spectrum of the eurypterid cuticle also exhibits considerable molecular complexity, i.e., the spectrum lacks pronounced peaks that would point to a predominance of a given nitrogen-bearing functional group. Distinct shoulders are observed at 399-400 eV (minor imine), 401.2 eV (amide and/or amine), and ~402.3 eV (pyrole). Notably, no spectral evidence for the presence of NO 2 functionality (8 in Fig. 2C ) is observed. The O 1s-π* absorption (Fig. 2C) is broad, spanning the ketone carbonyl and amide and/or carboxyl regions (9 and 10 in Fig. 2C ). The C-, N-, and O-XANES data indicate an elemental composition of the eurypterid cuticle with values of N/C = 0.08 and O/C = 0.17, C 100 N 8 O 17 (see the Data Repository).
DISCUSSION
It is clear that the fossil macromolecule differs considerably from the initial chitin-protein composite of the modern cuticle ( Figs. 2A-2C ). These differences can be interpreted as a result of extensive (but not complete) bacterial degradation and possibly subsequent diagenetic alteration. Extensive degradation of ester, amide, and glycosidic bonds likely destroyed much of the chitin-protein complex and freed fatty acids. Water elimination from chitin yielded unsaturated carbon that increases absorption intensity in the aromatic and/or olefi nic region (1 in Fig. 2A) .
The signifi cant increase in aliphatic carbon observed in the C-XANES spectra of the fossil scorpion and eurypterid cuticle ( Fig. 2A) is consistent with previous observations of highly aliphatic pyrolysate via py-GC-MS (Baas et al., 1995; Stankiewicz et al., 1997b Stankiewicz et al., , 1998b Gupta et al., 2007b Gupta et al., , 2009 . It is understood that the aliphatic component of fossil arthropods is covalently bound into an undefi ned geopolymer (Stankiewicz et al., 1997b (Stankiewicz et al., , 1998b Gupta et al., 2007b Gupta et al., , 2009 ). Our work indicates that the aliphatic component is most likely bound directly to the degraded chitin-protein residue through ester linkages. Comparison with the known absorption cross section for aliphatic carbon in chitin indicates that the fossil scorpion and eurypterid cuticles are composed of 41% and 47% aliphatic carbon, respectively. As the mean fatty acid chain length in fossil cuticle is very close to C 16 (C 100 O 12.5 ) (Gupta et al., 2007b) , the elemental formulae for the fossil scorpion and eurypterid cuticles above can be corrected to account for the addition of ester-linked aliphatic constituents, yielding C 100 N 17 O 45 and C 100 N 15 O 26 for the fossil scorpion and eurypterid, respectively, revealing the highly nitrogenous and oxygenated nature of the vestige chitin-protein complex.
This study shows that fossil arthropod cuticle exists as a nanoscale composite of waxes and degraded, but still nitrogen-rich, chitin-protein complex. It appears likely that co-occurrence of modifi ed chitin-protein complex and aliphatic acids derived from the arthropod cuticle contributes to organic preservation, the former providing an OH functionalized substrate through which aliphatic acids bond via esterifi cation, the latter providing a protective hydrophobic barrier protecting the degraded chitin-protein complex from further biological utilization or aqueous thermolytic reactions during diagenesis. These results explain the longstanding observation that fossil cuticles appear highly (almost exclusively) aliphatic when analyzed via py-GC-MS. A substantial amount of the carbon present in these fossils is derived from chitin-protein complex, even though it is not detectible using py-GC-MS techniques. The mechanism posited here may be a general means by which organic arthropod fossil cuticle is preserved.
